In an effort to explain the selective Goss abnormal grain growth in Fe-3%Si steel based on the sub-boundary enhanced solid-state wetting, we investigated why sub-boundaries are formed exclusively in Goss grains after primary recrystallization. In order for Goss grains to have subboundaries exclusively, they should undergo only recovery without recrystallization whereas other grains undergo recrystallization. For this, Goss grains should have the lowest stored energy after cold rolling. Goss and rotated cube orientations have the same and the lowest Taylor factor among the grains formed after cold rolling, implying that they should have the lowest stored energy. The stored energy between Goss and rotated cube orientations was compared by the crystal plasticity finite element calculation, which showed that the stored energy of the Goss orientation was lower than that of the rotated cube orientation after plane strain deformation.
Introduction
Grain-oriented Fe-3%Si steel is a soft magnetic material that is widely used as a core material of pole and power transformers. The low core loss can be achieved by the highly textured microstructure with Goss orientation, f110gh001i because h001i direction in iron is the easiest magnetization direction with low magnetic losses.
1) Such a strong Goss texture could be obtained after secondary recrystallization which is also referred to as abnormal grain growth (AGG). However, the mechanism of selective Goss AGG has not yet been clearly understood since its first report by Goss in 1935. 2) As to the origin of Goss grains, Inokuti et al. 3) made an extensive study and suggested that abnormally-growing Goss grains during secondary recrystallization should be inherited from the Goss grains formed in the subsurface layer by shear stress during hot rolling. [4] [5] [6] [7] According to this suggestion, the subsurface layer containing Goss grains should play an important role in inducing AGG. This aspect was confirmed by the observation that when the subsurface layer containing the Goss texture was removed, AGG occurred incompletely during secondary recrystallization. 8, 9) Therefore, the inheritance of Goss grains throughout the cold rolling seems to be closely related with the mechanism of Goss-selective AGG in the secondary recrystallization of Fe-3%Si steel.
To explain the selective AGG of Goss grains in Fe-3%Si steel, Hwang et al. [10] [11] [12] suggested a mechanism of subboundary enhanced solid-state wetting. According to this mechanism, the grains with sub-boundaries have a high probability to grow by solid-state wetting and thereby can grow abnormally. If the Goss grains have exclusively subboundaries of very low energy after primary recrystallization, the selective Goss AGG can be explained. Ushigami et al. 13) observed sub-boundaries in the abnormally-growing Goss grains by in-situ synchrotron X-ray during secondary recrystallization of Fe-3%Si steel. Also, Dorner et al. 14) confirmed the existence of sub-boundaries exclusively within Goss grains after primary recrystallization of a sheet sample reduced 89% by cold rolling of a single crystal of Goss orientation.
An additional effort was made by Park et al. 15) to confirm whether the existence of sub-boundaries is a unique feature of abnormally-growing Goss grains. According to this observation, indeed the existence of sub-boundaries is exclusive in abnormally-growing Goss grains. The microstructure of abnormally-growing Goss grains shows typically sub-boundaries and stepped dislocation networks, which are the microstructural feature of recovery. For example, Fig. 1 (a) and 1(b) show a sub-boundary and stepped dislocation networks, respectively, in the initial stage of secondary recrystallization observed by annular dark field scanning transmission electron microscope. The distance between the individual dislocations in Fig. 1(a) was 123.33 nm and from this the boundary angle of the sub-boundary was estimated to be 0.115 (Refer to Ref. 15 ) for details about calculation of boundary angle). They are a low energy dislocation structure (LEDS), which is expected to have been formed by recovery during primary recrystallization. Such LEDSs were observed only in abnormally-growing Goss grains.
In order for Goss grains to have LEDSs exclusively after primary recrystallization, they should undergo only recovery without recrystallization, which implies that Goss grains should have the lowest stored energy among grains of various orientations formed after cold rolling. The purpose of this study is to examine such a possibility using crystal plasticity finite element method (CP-FEM) under a plane strain condition.
Experimental Procedure
An industrial hot-rolled sample of Fe-3%Si, which employed AlN as an inhibitor of grain growth to produce the highly grain-oriented (HGO) electrical steel, was used as a starting material to investigate the retention of Goss grains during cold-rolling. The hot-rolled sample with a thickness of 2.3 mm was cold-rolled by a laboratory rolling mill to 0.3 mm, which is equivalent to a total engineering thickness reduction of " ¼ 87%. Orientations of the hot-rolled and cold-rolled samples were investigated by electron backscattered diffraction (EBSD), attached to a field emission scanning electron microscopy (FE-SEM) (JEOL JSM 6500F). The software (EDAX/TSL) was used for the analysis of orientation data.
Simulation Procedure
The deformation behavior of a bicrystal was calculated using a crystal plasticity model based on a rate-dependent slip system constitutive relation. In the calculation, we used the crystal kinematics defined by Asaro 16) and the implicit time integration procedure of the constitutive equation suggested by Kalidindi et al.
17) The constitutive model and time-integration scheme have been implemented in ABAQUS 18) using an user material subroutine (UMAT). The shear rates were given in terms of the resolved shear stress on the active slip systems and the resistance of the active slip systems. The shear rate on the slip system was described by the following equation. 19 )
where _ s 0 , m, s , and s 0 are the reference shearing rate, rate sensitivity of slip, resolved shear stress, and slip resistance, respectively. The slip resistance is expressed as
where h s is the rate of strain hardening on the slip system s due to shearing on the slip system . The hardening coefficients are
where q determines latent-to-self hardening, h 0 is a reference self-hardening coefficient, a is the hardening exponent, and g s is the slip resistance at which the self and latent hardening coefficients asymptote to zero. The material properties are listed in Table 1 . 17, 20) The rate of plastic work per unit volume was calculated considering a work conjugate as in the following eq.
21)
where
where F e , F p , and represent elastic deformation gradient, plastic deformation gradient, and Cauchy stress, respectively. Figure 2 shows the initial condition of the finite element mesh. An aggregate of 4096 crystals is represented by 64 Â 64 two-dimensional four-node finite elements (CPE4). 18) Each element represents one crystal. The initial configuration of mesh is designated by 'center' and 'surround'. The center region is placed at the bottom in the left side of Fig. 2 , and consists of 20 Â 20 elements. The simulations were performed under a plane strain condition. Arrows in Fig. 2 represent the compressive direction. To represent the symmetry, we introduced the symmetry lines along normal direction (ND) and rolling direction (RD), respectively, at the left and the bottom as circles in Fig. 2 , so that the displacement is constrained along RD in the left and along ND in the bottom. The displacement along both ND and RD is constrained at the intersection of both symmetry lines, which is represented by a triangle in Fig. 2 . Displacement boundary conditions for plane strain compression were applied to surface nodes. Due to the symmetric condition of the mesh, a quarter of system with a square-shaped grain at the center enclosed by a surrounding square-shaped grain was simulated. The plane strain deformation was calculated up to 30% reduction. 48 slip systems of bcc, which consist of 12 Â f110gh111i, 12 Â f112gh111i, and 24 Â f123gh111i, were considered in the finite element method (FEM) calculations. The percentage of orientation keeping its initial orientation was analyzed and the accumulated plastic strain energy for each element was calculated by eq. (4) at every step.
Results
The subsurface layer containing Goss grains was investigated by EBSD at each cold rolling stage to examine the retention of the Goss grains during cold rolling. Figure 3(a) , (b), (c), and (d) show inverse pole figure maps for ND-RD sections after 0%, 35%, 57%, and 87% cold rolling, respectively. The orientation of green colored grains in the circle was a Goss orientation, f110gh001i. As the thickness was reduced by cold rolling, the size of remaining Goss grains decreased noticeably. However, Goss grains with very small size tended to survive near the subsurface layer even after 87% reduction (Fig. 3(d) ) in spite of the fact that the Goss orientation is unstable under plane strain deformation. These survived Goss grains are expected to undergo only recovery without recrystallization and, as a result, to produce sub-boundaries, which are LEDS, exclusively after primary recrystallization. In order for the Goss grains to undergo recovery exclusively, their stored energy should be the lowest among the grains formed after cold rolling. In order to confirm this, the stored energy of Goss grains after deformation should be compared with that of grains with other orientations.
Mishra et al. 7) analyzed the textures formed after hot and cold rolling in the Fe-3%Si steel using X-ray. After hot rolling, the f011gh100i texture was developed at the surface whereas the f112gh110i and f001gh110i textures were developed at the center. These textures were deformed and rotated during cold rolling, as a result of which major textures of f001gh110i, f112gh110i, f111gh112i, and f111gh110i as well as a minor texture of f011gh100i were developed. Among these orientations Goss, f110gh001i, and rotated cube, f001gh110i, orientations have the same Taylor factor which is lower than other orientations. 20) This is why we focused on the Taylor factor of Goss and rotated cube orientations although orientations rotated from Goss and rotated cube by 10 degree along a transverse direction have the lowest Taylor factor in all orientations. The stored energy of grains depends on the Taylor factor under the same amount of deformation. Therefore, they are expected to have lower stored energy than other orientations. It remains to determine which has the lower stored energy between Goss and rotated cube orientations. The stored energy depends not only on the Taylor factor but also on other factors such as crystal lattice rotation and work hardening behavior. Since CP-FEM calculation considers all such factors, it is known to determine the most reliable stored energy. In order to compare the stored energy between Goss and rotated cube orientations, CP-FEM simulations were carried out to calculate the plastic strain energy during deformation.
The simulations were carried out for two conditions. One is that the Goss orientation was located in the center surrounded by f111gh112i orientation, which is observed dominantly in the cold-rolled sample. The other is that the rotated cube orientation was located in the center surrounded by f111gh112i orientation in order to compare the stored energy between Goss and rotated cube orientations under the same condition of neighboring grains because the deformation of grains depends not only on their intrinsic orientation but also on the orientation of neighboring grains. Figure 4(a) and 4(b) show the deformed meshes in the center, which were initially Goss and rotated cube orientations, after 30% reduction, respectively. The color scale represents the angle rotated from the initial orientation. It is assumed that the orientations are not changed if they are deviated less than 10 from the initial orientation. Most of Goss orientations were rotated from the initial orientation and only a few of them kept their orientation at the bottom in the left side as indicated by a red arrow in Fig. 4(a) whereas most of the rotated cube orientations survived after deformation. Figure 5 shows the percentage of remaining orientations with deformation for Goss and rotated cube orientations. After about 6% plane strain compression, the Goss orientation started to rotate and as a result the percentage of the remaining Goss orientation decreased dramatically. Eventually, about 3.8% of the Goss orientation remained after 30% reduction. However, the rotated cube orientation was much more stable under plane strain compression than the Goss orientation. About 96% of the rotated cube orientations kept their orientation after 30% deformation. Figure 6 shows the plastic strain energy for the reduction of Goss and rotated cube orientations. In both cases, the plastic strain energy tended to increase as the reduction increased. However, the increasing rate of the plastic strain energy for the rotated cube orientation was much faster than that for the Goss orientation. The plastic strain energy after 30% reduction of the Goss orientation was about 40% lower than that of the rotated cube orientation. This result indicates that the remaining Goss orientation stored lower plastic energy during cold rolling than the remaining rotated cube orientation although they have the same Taylor factor. Figure 7 shows the dependence of the plastic strain energy on the reduction for the orientations deviating less and larger than 10 from the Goss orientation. The orientations deviating less than 10 have lower plastic strain energy than those deviating larger than 10 . This result indicates that the remaining Goss orientation should have lower plastic strain energy than the orientations rotated from the Goss orientation.
Discussion
Although the Goss orientation is not stable under a plane strain deformation, Goss grains with very small size were tended to survive near the subsurface layer even after 87% reduction ( Fig. 3(d) ). This aspect of Goss survival was also reported by Inokuti et al.
3) and Dorner et al. 22) CP-FEM results of plane strain deformation support the survival of Goss grains after cold rolling (Fig. 5) . The Goss orientation which is unstable under a plane strain deformation was rotated during deformation; however, about 3.8% of the Goss orientation remained after 30% reduction. On the other hand, the rotated cube orientation which is stable under a plane strain deformation remained their orientation during deformation. This result agrees well not only with the well-known experimental observation of Goss survival as shown in Fig. 3 and but also with the previous report that the Goss orientation decreased dramatically as the plane strain compression increased 22) and that the rotated cube is a stable orientation under the plane strain condition. 23, 24) To examine the possibility of formation of sub-boundary exclusively in Goss grains, the plastic strain energy was compared between Goss and rotated cube orientations. These two orientations have the low and the same Taylor factor under a plane strain deformation and thereby are expected to have the same stored energy after deformation if only the Taylor factor is considered. However, the stored energy of Goss orientation turned out to be 40% lower than that of the rotated cube orientation after 30% reduction (Fig. 6 ).
Although these two orientations have the same Taylor factor, they have different characteristics in the plane strain deformation. This different characteristic seems to be related with the fact that the Goss orientation is unstable whereas the rotated cube orientation is stable. The unstable Goss orientation is more easily rotated than the stable rotated cube orientation. Therefore, the remaining Goss grain might be less deformed because its rotated part accommodates the applied stress.
During the plane strain deformation most of Goss orientations were rotated to two symmetrical f111gh112i orientations but a small percentage of Goss orientations remained with deviation less than 10 . The stored energy of these two parts, rotated and remaining Goss orientations, was compared in Fig. 7 . Under a plane strain deformation the Taylor factor of Goss orientation is lower than that of f111gh112i orientation. 14) Therefore, the orientations deviating less than 10 from the Goss orientation underwent the deformation with a low Taylor factor, whereas the orientations deviating larger than 10 underwent the deformation with a high Taylor factor. As a result, the remaining Goss orientation would store lower plastic strain energy.
Conclusions
The plastic strain energy was compared by CP-FEM between Goss and rotated cube orientations, which have the same and the lowest Taylor factor among the grains after cold rolling. The Goss orientation had lower plastic strain energy than the rotated cube orientation. This result supports the possibility that the Goss orientation should have the lowest stored energy among the grains after cold rolling and undergo only recovery during primary recrystallization, producing sub-boundaries whereas grains of other orientations undergo recrystallization, producing general boundaries. ig. 7 The plastic strain energy with reduction for the orientations deviating less and larger than 10 from the Goss orientation.
